A high resolution structure in solution has been determined for the polypeptide neurotoxin I, from the sea anemone Stichodactyla helianthus, using NMR data, distance geometry calculations, and refinement by back-calculation of two-dimensional nuclear Overhauser enhancement (NOE) spectra. A set of 913 distance constraints derived from NOEs was used, together with a large set of lower distance bounds based on the absence of NOEs in the spectrum. Eight published structures for neurotoxin I were refined independently to give structures which agree better with the experimental data, as reflected in reduced R factors calculated over well resolved cross-peaks of the twodimensional NOE spectra and a lower total volume of peaks in back-calculated spectra that are absent from experimental spectra. The refined structures are also more precisely defined, with mean pairwise root mean %quare differences over backbone heavy atoms of 0.62 A for well defined residues and 1.14 A for all residuq, compared with previous values of 1.09 and 2.41 A, respectively. The consensus constraint set from the 8 refined structures was also used to generate 12 new structures, with corresponding root mean square differences of 0.76 and 1.26 A. In all 20 structures the loop linking the first and second strands of the @-sheet is considerably better defined than before. A type 18-turn encompassing the functionally important residues Asp', Asp7, and Glu' is evident in the refined structures.
They have been classified into two types on the basis of sequence homology and immunological cross-reactivity (Kem, 1988) , ShI being classed as a type 2 toxin. These toxins display a wide range of species and tissue specificity (Norton, 1991) . ShI is a potent neurotoxin in crustacea with very little activity in mammals.
Structures in solution have been determined by NMR spectroscopy for the type 1 proteins anthopleurin-A (Torda et al., 1988) and Anemonia sulcata toxin Ia (Widmer et al., 1989) . Both molecules contain a core of four strands of antiparallel p-sheet connected by two well defined loops and a poorly defined region linking the first and second strands. The 'H NMR spectrum of ShI has been assigned (Fogh et al., 1989) , and the solution structure was determined using distance geometry and restrained molecular dynamics (Fogh et al., 1990) . As in the type 1 toxins, the main structural feature of ShI is a four-stranded, antiparallel @-sheet encompassing residues 1-3, 19-24, 40-47, and 29-34 . The p-sheet strands are connected by a type I1 p-turn at residues 27-30 and a tight turn at residues 38-41. Also as in the type 1 toxins, ShI has a loop that is poorly defined by the NMR data, in this case extending from Asp7C to Pro"N.
The poor definition of the conformation of the loop joining strands one and two of the sheet in both ShI and the other anemone toxins is a limitation in attempts to define the structure-function relationships in this group of proteins, as it has become clear that at least some of the residues in this loop are critical for activity (Kem, 1988; Norton, 1991) . In particular, in ShI it has been shown that Asp', Asp7, and Glue are all essential for biological activity, the toxicity of the protein being reduced by more than four orders of magnitude if any one of these carboxylate side chains is substituted by its corresponding amide (Pennington et al., 1990) . Asp" and Lys4 are also important, with 120-and 80-fold reductions in activity resulting when these charged side chains are replaced by Asn and N-acetyl-Lys, respectively (Pennington et al., 1990) . Furthermore, tryptic cleavage of the polypeptide backbone adjacent to Arg14 in anthopleurin-A (equivalent to ArgI3 in ShI) destroys activity (Gould et al., 1990) without significantly affecting receptor binding affinity, suggesting that, upon binding to the sodium channel, the loop may participate in a cooperative conformational change which is essential in modifying the inactivation kinetics of the channel. The functional significance of the loop thus provides one incentive to gain a better understanding of its conformational properties. In addition, as residues outside the loop have been shown to contribute to biological activity (Gould et al., 1992) , it would be valuable to have a higher resolution structure of the well defined bulk of the molecule. These considerations provide the major impetus for the present study.
The structure of ShI determined previously (Fogh et al., 1990) was based on a qualitative interpretation of the NOESY cross-peak intensities, which were subdivided into strong, 24707 medium, and weak, then corrected for conformational averaging. Pseudoatom corrections were used according to Wiithrich et al. (1983) . Although it is well established that this approach is capable of generating correct structures of proteins in aqueous solution (Wiithrich, 1986; Norton, 1990) , there are several problems associated with its use. Perhaps the most important of these is the implicit use of the isolated spin pair approximation in inferring distance constraints from NOESY cross-peak volumes and the subsequent failure to account for the phenomenon of spin diffusion, which can result in the underestimation of distances between protons and thus (local) errors in the calculated structures (Thomas et al., 1991) .
The technique of back-calculation has been developed as a means of addressing this limitation in NMR structure determination. A theoretical set of NOESY cross-peak intensities can be calculated using either numerical integration of the Bloch equations (Marion et al., 1987; LefGvre et al., 1987) or complete relaxation matrix calculations (Keepers and James, 1984; Olejniczak et al., 1986) . By explicitly taking account of spin diffusion, these methods circumvent a key problem of the isolated spin pair approximation and avoid the restriction of using short mixing time NOESY experiments with low signal-to-noise ratios. Refinement of structures by modification of distances to improve the agreement between experimental and back-calculated NOESY cross-peak intensities has been carried out manually (Banks et al., 1989; Summers et al., 1990) or automatically (Guesnet et al., 1990; Kim and Reid, 1992) . Alternatively, experimental NOEs have been combined with values calculated from a molecular structure to generate a hybrid matrix, diagonalization of which produces better estimates of the cross-relaxation rates than those obtained directly from the NOESY spectrum. Distance constraints derived from these rates are then used in restrained molecular dynamics calculations to yield a refined structure (Boelens et al., 1989; Nikonowicz et al., 1990; Koning et al., 1991) . Recently, methods have been introduced in which differences between the experimental and calculated NOE intensities are used directly to drive structure refinement (Yip and Case, 1989; Baleja et al., 1990; Nilges et al., 1991) . Simplified versions of these methods which reduce the computational time required have also been implemented (e.g., Bonvin et al., 1991) .
In this report we describe an automated structural refinement procedure driven by NOE cross-peak intensities which, together with a more complete constraint set obtained from new spectral data, has enabled the structure of ShI to be defined at higher resolution.
EXPERIMENTAL PROCEDURES
ShI, purified from S. klianthus collected in the Caribbean, was a generous gift from William R. Kem (University of Florida, Gainesville, FL). The sample for NMR experiments was a 5 mM solution of ShI in HzO containing 10% (v/v) 'Hz0 at pH 4.9 (uncorrected meter reading).
NMR Spectroscopy-NOESY spectra with mixing times of 100, 150, and 200 ms were acquired at 500.14 MHz on a Bruker AMX-500 spectrometer with a probe temperature of 300 K. Data were collected over 4096 complex points with a sweep width of 6666.67 Hz and 500 tl increments, each consisting of 96 scans. Solvent suppression was carried out using presaturation for 1.7 s during the relaxation delay. The total recycle time was approximately 2.5 s. Data were processed using the NMR software package FELIX (Hare Research Inc., Bothell, WA). The window function applied in u p was equal to one for the first 700 points then followed a cosine-squared function, reaching zero at 1500 points. Processing in w1 comprised multiplication by a cosine-squared window function which reached zero at 500 points, followed by zero-filling to 2048 real points. Base-plane correction utilized an in-house program applied to each row (Manoleras and Norton, 1992) .
One-dimensional inversion-recovery experiments were acquired on the same sample and under the conditions described above, except that a relaxation delay of 5 s was used. Nine spectra with T values ranging from 100 ms to 3 s were acquired, each being of 96 scans.
Back-calculation of Theoretical Spectra-Back-calculation of the eight published structures of ShI (Fogh et al., 1990) was performed using the program BKCALC (Hare Research). BKCALC employs a numerical integration method to produce a list of theoretical NOES from a given structure. The version of BKCALC we obtained was modified so as to account correctly for degenerate protons in methyl groups. A time increment of 1 ms was used, which has been shown to give identical results to the full belaxation matrix method (Banks et al., 1989) . A distance cutoff of 8 A was employed, limiting calculations to protons separated by less than this distance. The program also requires estimates of both the leakage rate, which in the slow-motion limit (u,~, >> 1) is equivalent to the external longitudinal relaxation rate (Ernst et al., 1987) , and a cross relaxation parameter, Xrah. In the slow motion limit, and assuming an isotropically tumbling, rigid molecule, X,, is defined as (Ernst et al., 1987) , where T. is the correlation time of the molecule, a i , is the cross relaxation rate between a pair of protons i, j , and r, is the distance between the protons.
Longitudinal relaxation rates were measured for 58 well resolved proton resonances in one-dimensional inversion-recovery experiments, giving values of 1.1-2.2 s-'. On this basis a value of 1.6 s" was chosen for the generic leakage rate. Simulations showed that back-calculated cross-peak volumes varied by less than 35% when the leakage rate was varied over the range 1.1-2.2 SKI. The crossrelaxation rate parameter was estimated empirically by back-calculating the averaged structure of ShI using a leakage rate of 1.6 s-l and cross-relaxation rate parameters varying from -0.1 to -2.1 s-l. The value of Xrah that best reproduced the decay of diagonal peaks and the build up of cross peaks over mixing times of 100, 150, and 200 ms was -0.6 s-'. Only well resolved peaks arising from C"H protons in the @-sheet regions of the molecule were considered in these fitting calculations as these are the least likely to be affected by internal motions.
NOESY Cross-peak Assignments-Cross-peaks were assigned using the 200 ms NOESY spectrum. Assignments were made on the basis of chemical shift if there was only one proton resonating within 0.01 ppm of the cross-peak in each dimension. Where there was more than one possible assignment on the basis of chemical shift, the information generated by back-calculation of the previously published ShI structures was also used. A list of all possible proton pairs for that cross-peak was made and the back-calculation output files were examined to compare the magnitude of the theoretical NOEs between each of the listed pairs. If any of the listed pairs had a theoretical NOE that was greater than twice the sum of the theoretical NOES of all other possible pairs it was considered a probable assignment based on that back-calculation file. The cross-peak was finally assigned if the probable assignments from all eight back-calculation files agreed.
In a small number of cases assignments were made where four or more of the sets of back-calculation data supported a particular assignment and where the other back-calculation data did not yield any proton pair with an NOE that was more than twice the sum of all other possible NOEs. Where it was not possible to assign a crosspeak to a unique proton pair by this procedure the cross-peak was not used in structure determination.
The experimental spectrum was examined after each round of back-calculation and structure refinement and the cross-peak list edited as appropriate. The cross-peak assignment procedure was repeated during every round using the back-calculation data from the most recently generated set of eight structures. This procedure allowed peaks that were not assigned unambiguously in earlier rounds to be assigned as the structures became better refined. At the final round of back-calculation there were 993 cross-peaks, of which 80 could not be unambiguously assigned.
Calculation of New Distance Bounds-To calculate new distance constraints for use in further distance geometry structure calculations we compared the experimental and theoretical NOEs. Having assigned a well resolved cross-peak to a unique proton pair i, j it was possible to calculate distance hounds for that pair using the following equations:
where r, and rl are the upper and lower distance bounds, respectively, PP and Vi" are the i-j cross-peak intensities in the experimental and simulated spectra, respectively, and re is the i-j interproton distance in the structure from which the theoretical NOEs were backcalculated. A similar approach has been applied recently to DNA structure calculations by Kim and Reid (1992) . The factor of two in the above expressions is arbitrary and is intended to allow for errors in the measurement of the cross-peak volumes in the experimental spectrum. A scaling factor, necessary to compare the cross-peak volumes from the experimental and simulated spectra, was calculated from a comparison of well resolved cross-peaks between &methylene protons from the 0-sheet region. This scaling factor was confirmed by checking that the resulting dNm and d,N distance ranges were consistent with their known limits (Wuthrich, 1986) .
As indicated above, the upper and lower bounds were both included for a proton pair when the back-calculated and experimental NOES agreed within a factor of two. Where the simulated NOE was too large, only the lower bound was included, and where it was too small the upper bound was included and the lower hound set to 1.8 A. This was done because it was found that it was not possible to accurately calculate the other bound in such cases.
Cross-peaks that were poorly resolved or within 0.2 ppm of the water signal in w1 and therefore unlikely to yield accurate volumes were assigned upper and lower hounds of 5 and 1.8 A, respectively. Where an NOE was identified from degenerate methylene or tyrosine ring protons, the distance bound was written to both equivalent protons and the distance between the equivalent protons was automatically added to the upper hound (Hyberts et al., 1992) . In these cases bounds were also written to intermediate carbon atoms, with the upper and lower hounds being adjusted by the distance between the protons and the carbon atom. Thus, for tyrosine C(2,6)H and C(3,5)H, bounds were also included to the C1 and C4 carbons, respectively, and for degenerate methylene protons, hounds were included to the methylene carbon. The presence of a C-terminal amide, first postulated for ShI by Fogh et al. (1989) was confirmed, although this group was involved in only one inter-residue constraint, to a C' H of Arg46. To these distance constraints were added 13 4 angle constraints, two x1 angle constraints, and three hydrogen bonds as used in the previous structure calculations on ShI (Fogh et al., 1990) .
During the fifth round of back-calculation and structure refinement and thereafter, 6778 "non-NOE" distance constraints (de Vlieg et al., 1986 ) with a lower bound of 4 A and an unspecified upper hound were included using an automated routine that searched the 200 ms experimental spectrum.' Briefly, a non-NOE between two protons i and j was included if a square of 5 points per side centered on the i-j chemical shifts fulfilled the following criteria on both sides of the diagonal: the sum of the absolute value of the points within the square was less than 1.6 times the value expected from the thermal noise (which had been previously measured in regions of the spectrum unaffected by tl noise), the tl noise within the square (measured as described by Manoleras and Norton (1992) ) was less than four times that expected from the thermal noise alone and the square was further than 50 points from the diagonal in either dimension. These criteria were found to be quite conservative, with non-NOES for proton pairs being excluded where one or both of the proton resonances occurred in regions of high tl noise or other spectral artifacts, including that due to the water signal. Inclusion of this large set of lower bounds had no appreciable effect on the time required by the structure calculations.
The potential for inclusion of non-NOES to exclude conformations that may be present for only a limited time in solution is minimized N. Manoleras and R. S. Norton, manuscript submitted for publication.
by setting the lower hound to 4 A. It can he shown that the maximum cross-peak volume in the 200 ms NOESY spectrum which could be interpreted as a ?on-NOE corresponds to a distance of 5.8 A for 100% of the time, 4.0 A for 11% of the time, or 3.0 A for 2% of the time. The absence of an observable NOE may also be due to causes other than a long distance between the two protons concerned, for example inappropriate choice of experimental parameters, a spin having another efficient relaxation pathway, saturation transfer, and local internal mobility (Neuhaus and Williamson, 1989) . Of these mechanisms, the last is potentially the most significant for a protein such as ShI. The regions of ShI expected to experience the highest mobility are the two arginine and five lysine side chains, hut intra-and/or inter-residue NOEs are observed to all of these side chains as far as the C'H protons, except for Lyse, which has observable NOES only as far as the C7H protons. These observations imply that internal motions have not eliminated NOES in these residues and that the absence of NOEs genuinely reflects large interproton separations. The fact that the C'H protons of Lys4 and Lys3' and the C*H protons of Arg4' also have non-degenerate chemical shifts provides supporting evidence for the lack of fast internal motion in these groups. Therefore, with the exception of the C*H and C'H protons of Lys", the use of a conservative set of non-NOES appears to be justified.
Structure Determination-Two sets of structure calculations were carried out. Initially, the eight published structures of ShI (Fogh et al., 1990) were refined separately hut in parallel. Each structure was back-calculated and the hack-calculation data for that structure used to calculate a new set of distance constraints as described above. Therefore, there were eight different (though similar) distance constraint sets generated, one from each of the eight structures being refined. Eight separate structure calculations were then carried out using DSPACE version 4.0 (Hare Research), the starting structure for each calculation procedure being generated from the structure being refined by randomizing the positions of its atoms by up to 3 A.
The protocol by which structures were refined commenced with variable target function conjugate gradient minimization, minimizing 2 residues at a time initially, then increasing to 4. This was followed by conjugate gradient minimization of the whole molecule, simulated annealing in four dimensions and three dimensions, followed by further variable target minimization and whole molecule minimization. Floating chirality (Weber et al., 1988) was enabled at all prochiral carbons having non-degenerate methylene protons. While DSPACE does not include energy terms, it allows for the relative weighting of distance violations of the various types of structural constraints: bond lengths and angles, van der Waals interactions, hydrogen bonds, rigid distances, chirality, and the experimentally derived distance constraints. Equal weightings were used for all terms (except the Lennard-Jones potential which was not included) until the final minimization step, where the weightings of the bond lengths and angles defining the peptide bonds were progressively increased to maintain peptide bond planarity (Pallaghy et al., 1993) . Without this final step the structures generated contained peptide w angles which deviated unacceptably from 180". Forty-five refined structures with few distance constraint violations were generated for each of the eight original structures. The best of these 45, by the criterion of lowest total distance violations, was then used to generate a further set of bounds for the next round of refinement by hack-calculation. This procedure was continued through eight rounds. The final eight structures generated are referred to as the "refined" set of structures.
We assessed how well the structure calculation procedure described above sampled conformational space compared with the method used in the generation of the original structures, which employed either DISMAN (Braun and Go, 1985) or DISGEO (Have1 and Wuthrich, 1985) followed by restrained molecular dynamics using GROMOS-87 (van Gunsteren and Berendsen, 1987) . The hounds employed by Fogh et al. (1990) were used in a separate series of calculations within DSPACE? The starting structure used was the published average structure of ShI with the position of each atom randomized by up to 3 A. Forty-five structures were generated. For each C" of each of the structures the deviation from the average position of that C" was calculated. The maximum deviation for each C" among all the structures was taken as a measure of the sampling of conformational space for that residue and is plotted in Fig. 1 together with the maximum In fact the hounds were slightly modified to allow for the fact that DSPACE, unlike DISMAN and DISGEO, does not use pseudoatoms for methylene protons but handles them using floating chirality, for non-degenerate pairs, and by adding 1.8 A to the upper hound for degenerate methylenes. were used within DSPACE3 to produce 45 structures with low total violations. The maximum deviation for each C" of these structures from the average position of that C" is plotted. Similarly, the maximum C" deviation is shown for the eight original ShI structures.
deviations derived from the eight original structures. From this we conclude that the structure calculation procedure used in this study samples conformational space as well as the method used to produce the original structures.
A consensus set of distance constraints was generated from the eight sets of distance constraints employed in the final round of refinement by using, for each proton pair, the largest specified upper bound and smallest lower bound of the eight sets. Upper bounds were left unspecified only if they were not defined in all of the eight constraint sets. Using the protocol described above, 75 structures with low distance violations were calculated from embedded starting structures and another 75 from starting structures randomized by 20
A. The best twelve of these were designated the "new" structures.
Twelve structures were chosen because it was found that the inclusion of more structures did not significantly increase the RMS difference of the set and therefore it was concluded that these 12 adequately represented the available conformational space.
The 8 refined and 12 new structures were subjected to restrained energy-minimization in uacuo using the software package DISCOVER version 2.8 (Biosym Technologies, Inc., San Diego, CAI. To facilitate minimization, fixed distances and angles in DSPACE templates were modified to match those used by DISCOVER. The distance constraints used were the same as those employed in the final DSPACE calculations except that bounds to all methylene protons were replaced by bounds to pseudoatoms, with the upper bounds being adjusted by 0.9 A. The CVFF force field was used with a 10 A cutoff and a constant dielectric of 1. Two hundred steps of conjugate gradient minimization with no cross or morse terms were followed by conjugate gradient minimization with cross and morse terms turned on; this was continued until either the maximum derivative was less than 0.05 kcal/A or 2000 iterations were completed.
Eualuation of Structures-Agreement between the experimental and theoretical NOES was quantified by calculation of the following R factors, as defined by Thomas et al. (1991) :
These were calculated by summing over all well resolved cross-peaks of the experimental spectrum. A second measure of agreement, that we have called an F factor, was also calculated. This provided a measure of the total volume of false cross-peaks that were present in the back-calculated spectrum but absent in the experimental. It was defined as:
x. r r f where the numerator is the sum of the volumes of the false peaks in the simulated spectrum and the denominator the sum of the volumes of all peaks in the simulated spectrum.
The precision of the structures was assessed from mean painvise RMS differences calculated over either the backbone heavy atoms (N, C", C) or all heavy atoms for the whole molecule, the well defined region of the molecule as defined by Fogh et al. (1990) (Ala'N to Asp7N and Pro"C to LYS~~C), and the loop residues 7-16. The RMS differences of the C" were also calculated for each residue. The precision of the local geometry was assessed by calculating the angle order parameter for each of the 6 and J. angles in the final structures.
This order parameter, a statistical parameter more useful than a standard deviation for the assessment of variables in cyclic spaces, varies from 1 for dihedral angles that are identical in each structure, to 0 where there is no agreement (Hyberts et al., 1992; Pallaghy et al., 1993) . Structural characteristics were analyzed using the program SSTRUC, based on the methods of Kabsch and Sander (1983) .
RESULTS AND DISCUSSION
Distance Constraints Generated by Back-calculation-The use of back-calculation improved the distance constraint set used in the structure determination in two important ways: it allowed for the modification of distance bounds to account for spin diffusion as described above, and it allowed for the inclusion of more distance bounds than were inferred initially from the NOESY spectrum by enabling a greater number of cross-peaks to be identified and assigned. In addition, more cross-peaks were observed as a result of the availability of new spectral data recorded with better signal-to-noise and fewer artifacts, and these spectra were processed with improved software, in particular with better base-line correction routines (Manoleras and Norton, 1992) . Thus, in this work 913 NOEs were used in the final round of structure determination, of which 334 were intraresidue, 240 sequential, 102 medium range (l<Ii-jl< 5), and 237 long range (1 i-jl 2 5) constraints. The distribution of NOEs is shown in Figs. 2 and  3 . Previously, a set of 470 NOEs was obtained, but only a subset of 216 which did not duplicate constraints obvious from the covalent geometry was used in the final structure determination (Fogh et al., 1990) . The distribution of these was: 28 intraresidue, 75 sequential, 24 medium range (1< I i- Jl< 6) and 89 long range constraints.
In addition to the higher number of distance constraints included, the distance bounds themselves were tightened. For many cross-peaks there was only a 26% difference between the upper and lower bounds, whereas in the original structure determination lower bounds were set to 1.8 A and the upper bounds were deliberately loosened to allow for possible effects of spin diffusion. Finally, a large set of non-NOES was also introduced during the refinement process, which had the effect of further improving definition of the structures by decreasing the number of false NOEs in the back-calculated spectra, especially for regions of the molecule poorly defined as a result of a dearth of NOE constraints.
Evaluation of Refined Structures-After eight rounds of back-calculation the agreement between the experimental and back-calculated data improved considerably. This is shown by the lower R and F factors (Figs. 4 and 5 ) and the greater number of NOEs in agreement (Fig. 4c) . The structures also became better defined, with progressive decreases in the mean pairwise RMS differences (Fig. 6 ).
Several NMR R factors have been proposed, but as yet there is no consensus on which should be adopted. We have calculated four R factors, as defined by Thomas et al. (1991) , and present results for two of them in Fig. 4 . Thomas et al. suggested that the definitions R; and Rf were the most appropriate because, having a one-sixth power term on the NOEs, they are not dominated by strong NOEs between protons short distances apart, which most commonly arise from intraresidue and sequential NOEs and are the least important structurally. In fact there is an improvement in all four R factors over the eight rounds of back-calculation at all three mixing times. The agreement between the simulated and experimental spectra at a mixing time of 100 ms is not as good as at the longer mixing times, especially for the R; and R; (Fig. 4b) parameters, possibly due to the smaller crosspeak volumes and thus proportionally higher errors in their measurement. Fig. 7 shows the mean RS and Rf factors calculated for each residue in the original and refined structures of ShI. The R2 factor is dominated by large NOEs, and substantial improvement is evident at specific residues. The Rf factor shows more clearly that back-calculation has improved the agreement the text and represents the extent to which false peaks occur in the simulated NOESY spectrum that are absent in the experimental spectrum. The F factors shown were calculated from the 200-rn~ mixing time data. Over 6000 non-NOES with lower bounds of 4 A were added as constraints between the fourth and fifth back-calculation rounds. The refined structures are those in the eighth backcalculation round, the results for the new structures which were generated from the consensus bounds set are also shown. ( . ) and the backbone heavy atoms of the well defined region (0). The refined structures are those in in the eighth back-calculation round, the results for the new structures which were generated from the consensus bounds set are also shown. with the experimental data fairly uniformly throughout the molecule, except for LysM where there is a very large improvement. In the refined structures there are no regions of the molecule where the fit to the experimental data is noticeably worse than for the rest of the molecule. This is significant when considering the poorly defined loop, where a poorer fit may have indicated that a single static structure was unable to account for the observed NOEs and thus constituted evidence for motion within the loop. The only significant constraint violations (>0.3 A) occur in some structures for interactions between the C'H2 protons of Lys4'j and certain aromatic protons of Trp3', where a rotation about the LYS~~CO-C' bond moves the C'H2 group away from the ring.
Because the R factor is calculated over the well resolved cross-peaks in the experimental spectrum, it is not able to assess the extent to which the back-calculated spectrum contains cross-peaks that are absent from the experimental NOESY spectra altogether. We have therefore introduced another parameter, the F factor, which is a measure of the total volume of NOEs present in the back-calculated spectrum but absent in the experimental. As seen in Fig. 5 , the F factor decreased during the first three rounds of back-calculation for most structures, but for a small number of structures quite high F factors were still obtained. When, after the fourth round of refinement, over 6000 non-NOES were introduced, the F factor decreased in all structures. Inclusion of these non-NOES thus prevented the structures being modified such that pairs of protons were moved together inappropriately in order to satisfy constraints in other regions of the protein.
As might be expected, the inclusion of non-NOES affected mainly the less well defined regions of the structures, improving their precision (Fig. 6 ) without significantly affecting their average position. The effect on the well defined bulk of the molecule was minimal, as reflected in both the R factors (Fig. 4) and RMS differences over the well defined residues (Fig. 6 ).
In the refined structures the overall precision was significantly better than in the original structures, reflecting both the increased number and tighter definition of the distance constraints. For the backbone heavy atoms of the well-defined region, the mean pajnvise RMS difference-of the final eight structures was 0.62 A, compared with 1.09 A in the published structures: The extent of improvement in the definition of the side chain positions was similar, the mean painvise RMS difference of all heayy atoms in the well defined part of the molecule being 0.93 A, compared with 1.64 A for the original structures. The mean painvise RMS differences for the entire molecule after eight rounds of back-calculation were approxiomately half of those for the original structures (1.14 and 1.63 A for the backbone and all heavy atoms, respectiveJy, in the refined structures, compared with 2.41 and 3.10 A for the original structures).
The RMS differences of the C" atoms of each residue are shown in Fig. 8 . Several areas of the molecule are now better defined in the refined structures than in those previously published (Fogh et al., 1990) , especially the loop and Cterminal regions but also residues 17-18, 25-32, and 37-42. Indeed, on the basis of C" RMS differences the poorly defined region of the molecule encompasses only residues 9-14, as Asp', Glue, Ala15 and Pro'6 can now be considered to be well defined. Similar conclusions also apply to the 12 new structures, which are discussed further in the following section.
Consideration of angular order parameters (Hyberts et al., ' , 1993) indicates that the local geometry of the molecule is well defined (Fig. 9 ). In the refined structures there are only 10 and 7 residues, respectively, with 4 and $ angular order parameters below 0.8. In the new structures there are 12 and 9, respectively, the differences occurring mainly in the loop region. It is apparent from Fig. 9 that there is a correlation in the angular order parameter between the $i and 4i+l angles of successive residues, reflecting how well defined the position of the NHi+I proton is. Ramachandran plots for both the refined and new structures show that all well defined angles fall in allowed regions. Positive 4 angles are found for Gly', G~Y *~, and GlyZ9, as well as for Lys4 and Led7.
The mean potential energies of the refined and new structures, both before and after restrained energy minimization within DISCOVER are shown in Table I . The energies of the original ShI structures, subjected to restrained energy minimization within DISCOVER using the restraints of Fogh et al. (1990) , are also shown for comparison. The effect of energy minimization on hydrogen bonding is discussed below. The extent of the effect on the structures themselves is reflected in the mean pairwise RMS differences betw$en the structures before and after minimization: 1.2 and 1.4 A, respectively, for the refined and new structures when calculated over the wtll defined backbone heavy atoms (N, C", C), and 1.6 and 1.8 A, respectively, for all backbone heavy atoms.
Comparison of Refined and New Structures-As described under "Experimental Procedures," a family of new structures was calculated using a consensus constraint set generated from the eight sets of distance constraints employed in the final round of refinement by using for each proton pair the largest specified upper bound and smallest lower bound of the eight sets. One aim of this was to assess whether the overall process of structure refinement might be carried out satisfactorily by extracting a single, consensus bounds set at each step of the refinement, rather than continuing to treat each starting structure independently, which is rather laborious. As indicated in Figs. 7-9 , the overall quality of the 12 best of the new structures is similar to that of the 8 refined structures.
Painvise RMS differences were calculated between the 8 refined structures and the 12 new structures. To examine how well the two sets of structures coincided we performed twotailed unpaired t tests on these data. Over the well defined region the new structures superimpose as well on the refined structures as they do on each other (mean f standa!d deviation of the painvise RMS differences of 0. 
0.05).
Thus, it appears that the new structures, though not as well defined as the refined structures, represent the same population of structures. This is confirmed by inspection of the structures themselves, as shown in Fig. 10 .
Given that the consensus bounds used to generate the new structures were looser than those used for any one of the eight refined structures, it is not surprising that the new structures have a higher mtan pairwise RMS difference (1.26 A) than the refined (1.14 A). This implies that the improved definition of both sets of structures relative to the original structures is due not just to the larger number of constraints but also to their more precise definition as a result of spin diffusion being taken into account.
Overall Structure-The overall fold of ShI has not changed during structural refinement and the P-sheet core remains essentially the same, but there have been some changes in surface loops. The conformational space occupied by the Arg13-containing loop has decreased and its average position As~'NH-C~S~~CO, were present in all eight refined structures has changed, as discussed in the next section. The loops and a third, L y~~~N H -A r g~' c 0 , was present in four. Hydrogen linking the second and third strands of the p-sheet and the bonds observed in the original structures between Va121NH third and fourth are both better defined (Fig. 8 ) and the loop and Ala'CO, Cys3NH and Gly"C0 were found in only one linking the third and fourth strands has moved slightly closer refined structure, while the A s~~N H -C~S~~C O bond was not to the center of the molecule (Fig. 10) . The extent of the p-found in any. After restrained energy minimization of the sheet is similar in the refined structures to that described by refined structures the ValZ1NH-Ala' CO and Cys3NH-Fogh et al. (1990) , although it is slightly more distorted. Gly"C0 bonds were observed in all eight structures. Hydrogen bonds were identified according to the criteria of One structural feature which is apparent for the first time Kabsch and Sander (1983) . Those seen in the refined ShI in the high resolution structures is a reverse turn encompassstructures (Fig. 11) are similar, but not identical, to those in ing the acidic residues Asp', Asp7, and Glu', which are essenthe earlier structures. Two new bonds, Glu'NH-Cys5 CO and tial for the biological activity of ShI (Pennington et al., 1990) .
FIG. 12.
Stereo view of residues 6-8 of the refined structures superimposed over the backbone heavy atoms (N, C", C) of these residues.
These form a type I @-turn. The mean 4/+ angles of Asp' and Asp7 in the refined structures are -62"/-13" and -117"/49", respectively, consistent with the presence of a type I /3-turn at Cys5 to Glue (Fig. 12) .
The + angle of Asp7 is somewhat larger than expected for the i + 2 residue of a type I turn, but values in this range are not unknown (Wilmot and Thornton, 1990) . Consistent with the presence of such a turn is a hydrogen bond between Glu'NH and Cys6C0 in all the refined structures, and 8 of the 12 new structures. The more accurate definition of the structure of this functionally important region of the molecule constitutes a significant advantage of the refined structures. Evidence has also been found for the existence of a reverse turn in the corresponding region of synthetic peptides derived from the type 1 protein anthopleurin-A (Gould et al., 1992) .
In five of the eight refined structures residues 13-15 form an inverse y-turn. In these five structures there is a hydrogen bond between A1a"NH and Arg13C0 and the average 4 and + angles of Thr14 are -78" and 87", respectively, in good agreement with expected values for this type of turn (Smith and Pease, 1980) . Because it is not present in all refined structures, this structural feature must be regarded as poorly defined. Nevertheless, this type of structure may explain the upfield shifts of backbone amide resonances in this region of ShI and related toxins (Norton, 1991) .
The type of turn present at residues 38-41 could not be identified in the original ShI structures (Fogh et al., 1990) . In the refined structures the positions of these residues are better defined (Fig. 8) and better reproduce the experimental data (Fig. 7) than in the original structures. Furthermore, the d/+ angles of Ile3' and Ile4' are very well defined in the refined structures, each having angular order parameters greater than 0.99. Their values, -51"/-30" and -78"/-21", respectively, are consistent with the presence of a type I @-turn at these residues. These angles are also consistent with a type I11 turn, but the differences between these two turns are minor (Smith and Pease, 1980). Fig. 13 shows the locations of all side chains in one of the refined structures. Side chain positions are much better defined in the refined structures than in the originals (Fig. 6 ) . In the case of several charged side chains on the surface of the protein, their better definition reflects both the larger number and greater precision of the constraints. Removal of the effects of in uacuo molecular dynamics refinement, which would have favored interactions of these side chains with polar groups elsewhere in the protein, would also have contributed to a more accurate definition of their positions. Fig. 14 shows the positions of the aromatic side chains and their surrounding residues in both the refined and new structures. The positions of the side chains of Tyr37 and Ala4' provide an example of the advantages of refinement based on back-calculation. In the original structures these side chains were sufficiently far apart that no NOEs could be observed between them in the back-calculated spectra, despite the inclusion of distance constraints between the tyrosine ring and the methyl group. After refinement these side chains had moved closer to reproduce the cross-peaks seen in the experimental spectra.
Residues 7-16-The poorly defined loop from residues 7-16 is a distinctive feature of ShI and the other type 1 and type 2 sea anemone toxins for which tertiary structures have been determined (Torda et al., 1988; Widmer et al., 1989) . In the refined structures of ShI the loop remains less well defined than the rest of the structure because of a lack of long-range NOEs between residues in the loop and those elsewhere in the molecule, but an increase in the number of sequential and medium range NOEs has resulted in the loop being much better defined with respect to the rest of the molecule than in the original structures (Figs. 8 and 10) .
The question arises as to whether the loop is undergoing substantial internal motion or is less well defined simply because it has an extended structure in which there are no close contacts between residues in the loop and the rest of the molecule. The former alternative might be characterized by a over an ensemble of locally different structures. The data consistently poorer agreement between the back-calculated presented in Fig. 7 suggest that this is not the case, thus and experimental constraints in the loop relative to the rest favoring the concept of an extended structure which is not of the molecule, reflecting the fact that experimental connecessarily undergoing large amplitude internal motions. This straints for this part of the molecule represent an average is further supported by the results of superimposing the loop 
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regions of the final structures (Fig. 15) , which show that the backbone structure of the loop itself is similar in all structures. The mean painvise RMS difference of the backbone heavy atoms of residues 7-16 is 1.52 A in the refined structures. The 4 and J/ angles in this region are not as well defined as the rest of the molecule (Fig. 9) , although even here there are only four 4 and two J/ angles in the refined structures with order parameters less than 0.8. This suggests that the sequential and medium range NOEs observed in the loop region are sufficient to define its structure reasonably well, but that the lack of long range NOEs between the loop and the rest of the molecule hinders the definition of its position with respect to the molecule as a whole. It is also possible that this poor definition is due to pivotal motion of the loop around "hinges" at one or both ends. I3C NMR relaxation experiments are underway to characterize motions of the backbone of ShI.
Compared to the original structures the overall position of the loop has changed in the refined and new structures, being further from the C terminus and inclining toward the N terminus and the turn at Ile3' and Ile4O. In this respect the position of the loop in the new structures resembles the position of the loop in ATXIa, which was determined at a lower temperature (Widmer et al., 1989) . Indeed, as shown in Fig. 16 , the overall structures of ShI and ATXIa superimpose remarkably well. The mean pairwise RMS difference between the eight published ATXIa structures and the eight refined ShI structures is 1.18 A when calculated over the backbone heavy atoms of residues 1-5, 19-33, and 42-46 in ShI (which correspond to residues 2-6,20-34, and 42-46 in ATXIa). This agreement is particularly noteworthy given that the two proteins have in common only 16 residues and that ShI is a type 2 toxin and ATXIa type 1. There is considerable difference between the two molecules in the region of residues 34-41, but as already noted by Fogh et al. (1990) , this may be due to the inclusion of an inappropriate hydrogen bond during part of the structure calculations of ATXIa. In addition, ATXIa has a deletion at residue 39 (Norton, 1991) .
Conclusions-In this report we have described the application of a structure refinement procedure based on backcalculation of NOESY spectra and distance geometry calculations to the sea anemone neurotoxin ShI. Significant improvements have been achieved in both the precision and accuracy of the structures due to the use of a larger number of NOEs and their more accurate interpretation as a result of spin diffusion being taken into account. The inclusion of a large number of conservatively estimated lower bounds has also contributed to a better definition of the structure, particularly in those regions of the protein which have few medium and long range NOEs.
The methods used here for structure refinement have been largely automated using in-house routines. Nevertheless, it is important to check after each round of refinement that structures which satisfy the observed NOE constraints do not contain interproton distances which could give rise to NOEs where none are observed in the experimental spectra. This is particularly important for the less well defined regions of the structure. Measurement of an F factor and the availability of a large number of lower bounds based on the absence of observable NOEs are both important in this respect, and facilitate automation of the overall process of refinement. The methods employed here could be further improved by taking account during the back-calculation procedure of both time averaging of constraints (Torda et al., 1990) and different effective correlation times for painvise proton interactions (based on spin relaxation measurements) (Koning et al., 1991) . It would also be more efficient if, instead of treating each of the starting structures independently throughout the refinement procedure, a consensus set of constraints was extracted at each step of the refinement and used in a single set of structure calculations in the subsequent step. This should be valid provided the structure calculation protocol adequately samples conformational space at each step. Also, it is probably safer to obtain the consensus set of constraints by analyzing a number of the best structures at each step rather than by first averaging the structures and using the average as the basis for modifying the constraint set.
As indicated in the Introduction, the region of ShI linking the first and second strands of the @-sheet contains several residues that are essential for biological activity. The fact that its conformation was so poorly defined in the earlier structures has made it difficult to judge what its receptor bound conformation might be. The much better definition of its structure, both internally and in relation to the rest of the molecule, achieved in this work provides a more useful basis for further work directed toward characterizing both the residues that make up the receptor binding surface and the receptor-bound conformation.
